Two design parameters, SNR and correlation, are key factors for enhancing channel capacity in MIMO systems. Achieving high SNR and low correlation is desirable in antenna design. This paper discusses the relation between channel capacity and these two parameters, and presents simple formulas of this relation for propagation channels and antenna coupling of mobile terminals. According to these guidelines, indoor base station antennas are designed and examined using propagation measurements. We also present a suitable antenna design for mobile terminal antennas and based on a realistic propagation model, predicted the channel capacity of the antenna.
Introduction
Multiple-input multiple-output (MIMO) systems are a key technology for the enhancement of communication capacity [1] and have been applied for WiMAX, LTE, and wireless LAN (IEEE 802.11n). Particularly in indoor environments, channel capacity has been evaluated in [2] , [3] . For wireless LAN, the application of MIMO-orthogonal frequency division multiplexing (OFDM) was studied [4] , [5] and several capacity enhancement schemes using antennas were proposed [6] , [7] . Recently, femtocell networks have received considerable attention for facilitating very high-speed data transmission in indoor environments [8] and MIMO is expected as the key technology [9] .
In the design of MIMO antennas with enhanced channel capacity in indoor environments, the main parameters are polarization, radiation pattern, and array configuration [10] - [12] . To this end, MIMO antennas with multipolarization [13] , [14] , directive radiation patterns [15] , and well-configured planar inverted-F antennas (PIFA) [16] have been proposed. Although directive radiation patterns have been confirmed to improve channel capacity in a few scenarios [17] , [18] , the suitable design in antenna radiation patterns is still left in order not to reduce mutual couplings but to enhance signal to noise ratio (SNR).
In this paper, two major parameters in MIMO systems, such as SNR and correlation, are evaluated with respect to enhancing channel capacity. To increase the SNR at reception points, we design two antennas: a patch antenna array and a dual polarization antenna consisting of a slot and dipole. These antennas are designed based on the results of ray-tracing simulations for indoor base stations (BS), which are typified by wireless LAN and femtocells. We also confirm the measured channel capacity of a BS equipped with the two antennas. The latter part of this paper is devoted to the design of mobile terminal (MT) antennas. A key design parameter, the correlation between antennas, is discussed using two simple dipoles as an example to show the relation with antenna efficiency and pattern distortion. We also demonstrate the enhancement of channel capacity, including the influence of phantom, for a suitable MT antenna. This paper concludes in Sect. 5.
Channel Capacity
MIMO performance is characterized by channel capacity C, which is represented as [19] ,
The above equation is transformed as follows [20] .
where ρ is the averaged SNR at each receiving antenna, N t and N r denote the number of the transmitting and receiving antennas, and I is a unit matrix. H n is a normalized channel matrix and {·} H represents a complex conjugate transpose. The approximation of Eq. (3) is satisfied when N r is greater than N t , the channel is not ill-conditioned and ρ is large. Equation (3) indicates that channel capacity contains elements depending on SNR (C SNR ) and correlation (C COR ). Figure 1 shows the channel capacity as a function of SNR for four configurations of antenna elements, where 1,000 patterns of channel matrices are examined in each SNR and the average is used to evaluate the channel capacity. This result indicates that the channel capacity is increased with increase in SNR for antennas with a fixed element number. It should be noted that Eq. (3) is effective in high SNR regimes with a small number of elements.
To separately evaluate the contribution of SNR and correlation to channel capacity using Eq. (3), we focus on 2 × 2 MIMO systems. C SNR and C COR are shown in Fig. 2 , where channel capacity is evaluated not based on det(H n H H n ), but rather the spatial correlation coefficient γ s , which is defined by,
where R r,ii is the components of R r = HH H . Based on the modified Eq. (3), the relationship between SNR and channel capacity is clear, as shown in Fig. 2(a) ; a high SNR increases the channel capacity. C COR values are scattered below the upper bound in Fig. 2(b) , since power distribution to the first and second eigenvalues is not optimized. The obtained upper bound curve indicates that low correlation provides high channel capacity, with the increasing ratio reaching saturation at γ s < 0.5. Notably, the upper bound is given by the ideal propagation channel. Particularly in low SNR regime, the improvement rate of the channel capacity by the second term in Eq. (3) is high.
The above conclusions are based on the assumption of Rayleigh distribution in the propagation environment. We also examined the influence of SNR and correlation on channel capacity for Rician distribution. The averaged spatial correlation coefficientγ s has a one-to-one correspondence with Rician factorK, and it is given by [21] ,
whereγ s is a monotone increasing function of K. Figure 3 shows the channel capacity in Eq.
(1) as a function ofγ s .
Here, H n is derived from the channel matrix H, which is given by the following equation [22] , where H iid is a matrix with complex Gaussian distribution. The channel matrices including K are evaluated using the similar procedure as for Fig. 1 . As shown in Fig. 3 , the channel capacity increases in the low correlation regime, that is close to Rayleigh distribution. The increase of elements (N t , N r ) and a high SNR are effective to enhance channel capacity under a Rician environment. However, the capacity is not increased for large K regimes in MIMO systems.
Antenna Design for BS
Channel capacity in MIMO systems is increased by high SNR and low spatial correlation in the propagation channel.
To satisfy this requirement, high gains with low correlated radiation patterns are required in BS antenna designs. BSs are often placed near the ceiling to realize a line-of-sight (LOS) environment for mobile terminals (MT). Here, we evaluate the design requirements for obtaining large channel capacity in a BS antenna for downlink transmissions and measure the channel capacity performance of the fabricated antenna. In this section, "correlation" indicates spatial correlation including the effect of the angular spread since the effects of the propagation channel are considered.
BS Placed in the Vicinity of Walls
To determine the suitable design guidelines for the MIMO antenna radiation patterns, parameter studies are conducted using ray-tracing propagation analysis based on the scenario presented in Fig. 4 , where the variable t denotes the aspect ratio of the room. In this scenario, the BS is placed near a wall, and the channel matrices are calculated in several MT positions. The environments between the BS and all MT positions are LOS without obstacles. The transmitting and noise powers are −5 dBm/ch and −85 dBm, respectively, and 2 × 2 MIMO communication is assumed. In [23] , we clarified that the channel capacity of antennas adopting directive patterns was larger than that of antennas with omnidirectional patterns. Here, the radiation patterns of the BS are assumed to be pencil beam with an infinite front-to-back (FB) ratio [23] , as shown in Fig. 4 . The half-power beam width (HPBW) (θ h ) is fixed to 60
• , and space-averaged channel capacities are then calculated for each angle between two beams (θ s ). shows the relationship between θ s with the maximum spaceaveraged channel capacity and the aspect ratio. The distribution following the dotted line indicates that the main beam of the BS should be directed towards the room corners to increase the channel capacity. This improvement effect is not limited to 2 × 2 MIMO systems, as it was also confirmed for four streams. In [24] , we demonstrated that a HPBW of 80
• and tilt angle of 30
• enhanced channel capacity. Here, we assumed 4 × 4 MIMO transmission by vertical and horizontal polarizations to reduce the correlation between antennas [25] . In addition, we showed that the capacity enhancement did not depend on the array arrangement of the MT [26] .
The antenna based on the above design guidelines consists of a two-element patch antenna array with dual feeds, as illustrated in Fig. 6(a) . Two beams with orthogonal polarizations are radiated from each patch antenna, and those are tilted downward, as shown in Fig. 6(b) . Figure 7 shows the radiation patterns, and the HPBWs in the yz and zx planes are approximately 80
• and 90
• , respectively, and the antenna gain is 7.0 dBi. We measure the channel capacity of the BS adopting a patch array under the environment shown in Fig. 8 . As a reference, a sleeve array is also used for a dual-polarization BS antenna, with the spacing between the vertical and horizontal oriented sleeves is equal to 1λ. For MT antennas, a single dipole antenna is moved to evaluate sixteen channels' impulse responses by four channels because the measured environment is quasi-static and the time variation is almost negligible. Under this measurement condition, the element spacing between MT antennas is 0.5 λ. The BS antenna is placed on the ceiling near a wall and the channel matrices are measured at the three typical positions (1-3) for the MT, as shown in Fig. 8 . At positions 1 and 3, the signals from the four beams of the BS are received at nearly the same level, and the SNR at position 1 is higher than that at position 3. At position 2, the signals from the left patch are dominant. In this measurement, the frequency is 2.45 GHz, and the measurement systems are described in detail in [25] , [27] . Figure 9 shows the measured channel capacity and SNR for the three MT positions. At all positions, the SNRs for the patch array-based antenna are higher than those for the reference antenna based on the sleeve array. The channel capacities are enhanced by the patch array, with improvements of 20% at positions 1 and 2. The channel capacity for the patch array is slightly smaller than that for the sleeve array at position 3. This is caused by degradation of the fourth eigenvalue, which is minimum eigenvalue, in the spatial correlation matrix. However, the patch antenna array enhances the channel capacity by having a high SNR at the MT positions.
BS Placed at the Center of a Ceiling
In [24] , we also demonstrated the enhancement of channel capacity for a BS placed at the center of a ceiling. Under this condition, the suitable radiation pattern for 4 × 4 MIMO systems has a HPBW of 80
• and downward tilt angle of 30
• , with vertical and horizontal polarizations to increase the channel capacity, as shown in Fig. 10 . Ray-tracing analysis revealed that this antenna design led to an improvement of 10% in capacity compared to an isotropic antenna [24] . We also evaluated the capacity performance in a 2×2 MIMO system consisting of a small number of terminal antennas. The simulation scenarios used for the evaluation is illustrated in Fig. 11(a) , and the channel capacity is shown in Fig. 11(b) . In [28] , we confirmed that the channel capacity for the directive radiation patterns in Fig. 10 is larger than that for dipole radiation patterns.
Based on the above-described design guidelines, we fabricated an MIMO antenna constructed using four dipole and four slot antennas (Fig. 12) [28] . In the radiation patterns of Fig. 13(a) , the xy (horizontal) plane is the ceiling and the z-axis is in the direction (vertical plane) towards the floor. In the vertical plane, the HPBWs for the slot and dipole antennas are 84
• and 85.5
• , respectively. In the horizontal plane, the antenna beams are tilted, and the HPBWs in 60
• from the z-axis are 61
• and 53
• , respectively. We conducted 2 × 2 MIMO channel measurements using this antenna in the scenario depicted in Fig. 14 [28] . As for the BS, the antenna is fixed to the center of the ceiling, and two streams are radiated from one slot and one dipole. The channel measurements are also conducted using sleeve arrays in the BS as the reference. Here, sleeve antennas are used for vertical and horizontal polarization. For the MT, the sleeve antenna array with elements inclined parallel and arranged perpendicular to the ground is used [28] . The channel matrices are obtained at seven room positions where no obstructions exist between the BS and MT, and all of the MT positions are in LOS. The measurement frequency is 2.45 GHz, and the detailed parameters are described in [25] , [27] . Figure 15 shows the measured SNR and channel capacities for the two antenna types. At five out of the seven examined positions, the SNR is enhanced by the slot and dipole antenna, and then the channel capacity is enhanced at four positions. The place-averaged SNR of the slot and dipole antenna is enhanced by 2.6 dB and exhibited an improvement in channel capacity of 16.2% over the sleeve antenna. A high channel capacity is obtained at positions with high SNR. Position 4 is an exception to this rule because of the degradation of the second eigenvalue, which is minimum eigenvalue, in the spatial correlation matrix. Taken together, these results indicate that directive antennas enhance not only the high-order (maximum), but also the low-order (minimum), eigenvalues in the correlation matrix.
As discussed in Sect. 2, high SNR and low spatial correlation are effective for enhancing channel capacity, which is verified by the results obtained for the directive and dual polarization antenna.
Antenna Design for MT
This section describes the mutual coupling between antennas installed in MT for enhancing the channel capacity together with the influence of radiation efficiency and pattern distortion. Mutual coupling and radiation efficiency are related to the parameters of correlation and SNR to estimate channel capacity. We also discuss the optimization of antenna radiation pattern under a realistic propagation model for MT and the effects of the head, hands, and body of users by numerical simulations with a phantom. In this section, "correlation" indicates antenna correlation since the equation of correlation assumes that distribution of incoming wave is uniform, and correlation is derived from only antenna characteristics.
Antenna Mutual Coupling in MT
Two major parameters, SNR and correlation, are critical to enhance channel capacity in BS antenna design. High SNR by increasing antenna gain is not easy for MT antennas, because available space in the MT is limited. The latest "smart phones" are only 55-62 mm in width, 110-126 mm in length, and 9.8-15.3 mm in thickness. Most built-in antennas are installed at the bottom of the MT to reduce the specific absorption ratio (SAR) when phones are held in the talking position. This placement location also restricts the spacing between antennas, which is necessary to obtain low correlation. For MT antennas, we focus on radiation efficiency, instead of SNR and correlation, of antenna arrays with close distance. Here, a simple simulation model based on two half wavelength dipoles is considered as an example of MT antennas, and the effects of the chassis and human body on MT antennas is discussed in Sect. 4.2.
The effects of array spacing on MIMO channel capacity were examined for an array with/without mutual coupling [29] , [30] . Spatial correlation by an array factor under random incoming waves at the MT is given as,
where k is the vacuum wave number, J 0 is the 0th order Bessel function, and d is the spacing of the two-element array. A reduction in the correlation due to mutual coupling is advantageous for small built-in antennas, however, a drawback is small radiation efficiency. To determine the relationship between correlation and efficiency, two half wavelength dipole antennas are used in this simulation, where two dipoles are parallel in the z-axis direction and the center of one dipole is at the origin and the other dipole center is on the x axis at position x = d. The correlation between the two dipoles is given by the scattering parameters as [31] ,
Assuming no losses in antenna elements, the radiation efficiency of antenna 1 is given by S 11 and S 21 .
Mutual coupling also causes a distortion in the radiation pattern, which is defined by the ratio between the maximum and minimum gains in the xy (E) plane as Δ g = G max /G min . The evaluation factors for array spacing are shown in Fig. 16 . The correlation of γ d is decreased by mutual coupling, which is also explained by the observed pattern distortion at values greater than 3 dB in the xy plane. It should be noted that the efficiency, η r , is decreased by small array spacing. The reduction of efficiency reduces the channel capacity. As discussed in Sect. 2, the channel capacity is approximated by Eq. (3). In the case of 2 × 2 MIMO systems, the ergodic channel capacity is approximated by the first term of Eq. (3) in high SNR regime. Thus, the channel capacity, including the efficiency, is approximated as
The channel capacity normalized by η r =1, as shown in Fig. 17 , is reduced by small efficiency. In small-spacing arrays, the radiation efficiency should be carefully considered in the design of MT antennas [32] . The saturation in capacity increase for η r < 0.5 in Fig. 2(b) and the discussion about efficiency result in that high radiation efficiency is a key paramter for MT antenna design.
Effect of the Human Body in MT Antenna Design
The preceding discussions did not consider the direction of incoming waves and the effects of chassis and human body. As these factors can dramatically alter the radiation pattern of MT antennas, the direction of incoming waves should be included to more accurately evaluate channel capacity. The results shown in Fig. 3 indicate that small spatial correlation of channels does not improve the channel capacity in Rician distributions; however, we demonstrate here that MT antennas with low correlation display channel capacity enhancement under Rician propagation environment. A propagation model that includes the direction of incoming waves is given by a model that assumes Kronecker scattering [33] , where the scattering waves are not correlated with the incoming waves. A correlated scattered-wave model and a model of incoming wave with angular spread are other models for MIMO channel capacity estimation [34] , however, these models reduce the absolute value of capacity and do not depend on the radiation pattern of MT antennas [35] . Thus, in the following discussion, we use only the Kronecker model. An array of pairs of folded inverted-F antennas (IFA) mounted on a chassis top is used in the following simulation [36] . This array is introduced to determine the suitable radiation pattern for a MT. The antenna parameters are shown in Fig. 18 . The array element consists of two identical IFAs with close spacing, which are connected through a phase shifter with a phase difference of δ. The phase difference is Fig. 18 Geometry of the MT antenna. H=110, W=50, D=20, h=7, d=10, a=8, b=3, c=7, t 1 =3, t 2 =5, t 3 =1, t 4 =2.9, t 5 =3, and t 6 =2 (mm). adjusted to minimize the correlation between arrays 1 and 2. The correlation is calculated based on a complex radiation pattern.
In the propagation model, the number of transmission antennas is 2, and no correlation exists between the transmission antennas. The SNRs are 10 and 20 dB, the XPR is 0 dB, and the Rician factor is 3 dB. The details of the channel capacity estimation under the conditions of this propagation model are described in [34] . For simplicity, we assume that all incoming waves are concentrated in the xy plane, and the angle of incoming waves is given by φ. Figure 19 shows the channel capacity of the MT MIMO antenna with and without a phase difference between the array elements. The MT is held by the left hand of a phantom, as shown in Fig. 20 . The characteristics of this model are calculated by FEKO [37] . The channel capacity with suitable phase difference is larger than that without phase difference for all examined angles of incoming waves. The average improvement factor in channel capacity is 33% for a SNR of 20 dB and 68% for a SNR of 10 dB, using a phase difference of δ=150
• . As described in Sect. 2, the improvement factor of the channel capacity is high in low SNR regimes, which is also verified in Fig. 19 . The radiation patterns in the xy plane for δ=150
• are shown in Fig. 21 . The vertical polarization patterns are almost orthogonal, which reduces the correlation. For MT antennas, ideally, the antenna should be designed to achieve a small correlation between the antenna elements.
In practical antenna design, pattern optimization in the presence of a human body is a time-consuming step, and is markedly more difficult than considering only a MT. We also evaluate the channel capacity of a MT for three cases (Fig. 22) , which consisted of a MT in free space, a MT with a head, and a MT with a head and hand. For the three conditions, the channel capacities are enhanced by the identical phase difference of δ = 150
• , and the average increases are 27%, 26%, and 36%, respectively, for a SNR of 20 dB. This analysis indicates that the antenna design in free space also provides the channel capacity enhancement in the presence of a human body. Although various types of antenna designs should be evaluated by realistic phantom modeling to simulate the human body, the optimization of antenna parameters can be performed in free space.
Conclusion
This paper has evaluated two dominant design parameters, SNR and correlation, for enhancing channel capacity in MIMO systems. In the propagation channel, high SNR and low spatial correlation are necessary to enhance channel capacity, which has been described by simple formulas. We determined the suitable antenna design under indoor propagation models. The antennas characterized by HPBW and tilted beam angles were presented by a patch antenna installed at the ceiling edge and a dipole and slot antenna located at the ceiling center. The enhancement of channel capacity was verified by indoor propagation measurements.
In the design of MT antennas, we demonstrated that the radiation efficiency and mutual coupling, which are derived by a two-dipole array, have an impact on correlation and SNR, and therefore channel capacity. The mutual coupling or correlation between antennas in a MT was properlyadjusted under a Rician propagation model. The channel capacity enhancement was also verified for a MT antenna in the presence of a phantom. Notably, a suitable antenna design in free space was also effective for the design of an antenna held by hand in front of a body phantom.
